A comparative study has been done by calculating the effective baryon-baryon interactions of the 64 lowest channels consisting of octet and decuplet baryons with three constituent quark models: the extended quark gluon exchange model, the Goldstone boson exchange model and the quark gluon meson exchange hybrid model. We find that these three models give similar results for 44 channels. Further tests of these models are discussed.
A Debate on Which Constituent Quark Model is Better
For low energy quantum chromodynamics(QCD), especially for complicated quark gluon systems, nonperturbative QCD calculation is still very difficult, and one must rely on QCD models. The constituent quark model is quite successful in understanding hadron spectroscopy and even hadron interactions. However there has been a debate on which constituent quark model is better. 1, 2, 3, 4 There is a consensus that constituent quarks are a useful effective degree of freedom for low energy hadron physics. Different authors have radically different view points on what other proper effective degrees of freedom may be.
Glozman and Riska proposed that the Goldstone boson is the only other proper effective degree of freedom (GR).
1 Isgur insisted that the gluon is the proper one (GI). 2 Manohar and Georgi argued that in between the spontaneously broken chiral symmetry and confinement energy scales, both Goldstone boson and gluon effective degrees of freedom survive (MG). 5 Georgi also did an effective matrix element method analysis of P-wave baryon spectroscopy with both the quark-Goldstone boson coupling and the quark-gluon coupling models, finding that the former fits the data with a smaller χ 2 , but noted: "our results should not be interpreted, by themselves, as evidence in favor of the chiral quark model picture over the nonrelativistic quark model".
3 K.F. Liu produced a valence lattice QCD result which supports the Goldstone boson exchange picture, but Isgur pointed out that this is unjustified.
If these three constituent quark models (GR,GI,MG) are really quite different, differences should also appear in their predictions for baryon-baryon (BB) interactions which are more sensitive to these model details. Therefore, we did a comparative study of the predictions of these three models for BB interactions in the lowest 64 channels consisting of octet and decuplet baryons. Our results show that 44 channels have similar effective BB interactions.
A Comparative Study of Three Constituent Quark Models
There are different versions of each model. We choose Glozman's parametrization of the Goldstone boson exchange, given in Ref. 6 , as a typical example of the GR model. The hybrid MG model is widely used in studies of the BB interaction. We choose the Fujiwara version 7 as the MG example. It is well known that the quarkgluon coupling model, GI, provides only a repulsive core for the NN interaction but no intermediate range attraction. This attraction is attributed to σ exchange or to two pion exchangein the hybrid model. Nor does the GI model include any one pion exchange long range interaction.
We have extended the GI model: We keep as the three quark Hamiltonian that used by Isgur, i.e., a harmonic confinement plus a color magnetic hyperfine interaction, making two modifications to extend it to the BB interaction. First, instead of the usual two centered single quark orbital wave function, we introduce a delocalized quark orbital wave function, borrowed from the description of molecular orbitals. It incorporates the mutual distortion of the interacting baryons or the internal excitation of the baryon in the course of interaction, which enlarges the variational Hilbert space simply. Second, we use a new parametrization of the confinement potential to take into account nonperturbative QCD effects which could not have been parametrized by a two body confinement and color magnetic hyperfine interaction. It may not even be possible to check, by hadron spectroscopy, QCD features such as the three gluon interaction, three body instanton interaction, etc. (See Ref.8.) With these additions, the extended GI model produces a quantitatively correct NN intermediate range attraction without invoking σ or two pion exchange. More importantly, this is the unique model which explains the long known structural resemblance of the nuclear force to the molecular force. We use this extended quark gluon coupling model, which has been called the quark delocalization and color screening model (QDCSM), as the example of GI.
We are interested in general features of the BB interactions which characterize each individual constituent quark model. Therefore, we calculated the adiabatic effective BB interactions for the 64 lowest channels consisting ofoctet and decuplet baryons with these three constituent quark models. 9 Typical results are shown in Figs.1-3. In Fig.1, two (SIJ=022,-403 ) of the 17 pure repulsive core channels are shown. In Fig.2 , two weak attraction channels (SIJ=001,010) are shown. Altogether there are 13 channels where all three models give such similar effective BB interactions. In Fig.3 , two other weak attraction channels (SIJ=-11/20,-223) are shown. Altogether there are 14 channels where two of the three models give very similar results; the third gives a little different but still similar effective BB interaction.
For the H particle channel, the three models all give somewhat different results but are all weakly attractive with (GR and MG) or without (QDCSM) a repulsive core. However the dynamical calculations of the QDCSM and hybrid models yield a state with binding energy around zero. This is radically different from the naive bag model estimate 10 and some earlier hybrid model estimates 11 . Only in a few channels do the three models give really different results. For example, the QDCSM predicts a strong attraction in the di-∆ (SIJ=003) channel, while the hybrid model predicts a strong attraction in the di-Ω (SIJ=-600) channel.
The general features can be summarized as: The three constituent quark models, although they appear to be very different, give similar effective BB interactions.
Returning to hadron spectroscopy, based on the debate 1,2 , it is fair to say that while different constituent quark models each have their own advantages and disadvantages, none gives a perfect description of hadrons. For example, within the pure valence q 3 configuration, no model explains the nucleon spin and flavor structure and the spin-orbit splitting of the strange and nonstrange mesons and baryons together. 12 The GI model has the advantage of a unified description of the meson and baryon spectrum but the disadvantage of predicting the wrong order for the P and D wave excited baryon states. The GR model obtains the correct order for the P and D wave excited states but loses the unified manner of describing the meson and baryon spectrum.
A Tentative Explanation of the Origin of the Similarity
The same pure repulsive core obtained in 17 channels from each of these three constituent quark models can be understood in that they are due to Pauli forbidden combinations common to all quark models. The similar weak attraction obtained in the deuteron channel (SIJ=001) can be attributed to the adjustment of model parameters because a realistic BB interaction model should fit the deuteron properties first. However, there should be physical reasons for the fact that more than 2/3 of the channels have similar effective BB interactions in all models.
Antisymmetrization effect
Antisymmetrization might be one of the physical reasons for the similarity between the models. To examine this, we neglect the details of the orbital form and concentrate on the spin-flavor-color structure of the gluon and Goldstone boson exchange q-q interactions. (The hybrid model includes both parts so it does not need to be studied separately.) The structures are
respectively. Recalling the Dirac identity and the antisymmetrization condition, we have,
orbital symmetric orbital antisymmetric Eqs. (3, 4) show that due to antisymmetrization, the color dependent gluon exchange interaction turns out to be flavor dependent and the flavor dependent Goldstone boson exchange interaction turns to be color dependent, also. No significant difference appears in the symmetric orbital case. However, there is a real difference in the antisymmetric orbital case, where the color and flavor dependent terms have opposite signs. Therefore we examine this case one step further.
We reexpress these two interactions using Casimir operators,
where
is the second rank Casimir operator of the SU(n) group and N is the particle number of the system. Next, we obtain the eigenvalue, ∆E, of the gluon and boson exchange interactions as shown in Table 1 , which is calculated for orbital symmetry [6] . The color part must always be [222] due to color confinement. The spin-flavor symmetry is restricted to be [33] due to antisymmetrization. It is then easy to see from Table 1 that the eigenvalues of these two interactions both decrease with the flavor symmetry but with slightly different slopes and that they end with the same minimum at the flavor singlet, namely the H particle state. 
Nonperturbative QCD basis
Having an understanding of the QCD basis of these constituent quark models is helpful in judging these models. So far, there have been only approximate nonperturbative QCD "derivations".
Cahill and Roberts "derived" a Goldstone boson-constituent quark coupling model under the approximation of only keeping the current-current interaction.
13
The current quark is dressed to become the constituent quark in the spontaneously broken chiral QCD vacuum due tocondensation and the Goldstone boson is identified as due to quantum fluctuations of the boson field originating from thē q(x)γ 5 q(y) bilocal operator.
Based on this, and the results of Negele et al. on the dilute instanton model of Shuryak 14 , we developed an approximate QCD "derivation" of the MG model. The gluon field is separated into two components: an instanton part and a quantum fluctuation part. The instanton part is assumed to be the classic part of the gluon field which induces spontaneous chiral symmetry breaking and dresses the current quark into constituent quark, while the quantum fluctuation part of the gluon field is kept as a perturbative gluon contribution.
In a Schwinger-Dyson equation approach 15 , under a reasonable truncation, one obtains a dressed quark, gluon propagators and the dressed quark-gluon vertex which can be translated into an effective quark-gluon coupling model. In summary, all three constituent quark models have an arguable basis in QCD and it is hard to say which one is better inspired by QCD.
An Outlook
Hadron spectroscopy will be improved by new experimental efforts. Hadronic transition matrix elements are more sensitive to model details; the internal structure of hadrons tests models more stringently. There are already candidates for exotic quark-gluon systems and pursuit of dibaryonby various groups continues. New facilities will provide more precise hyperon-nucleon, and even hyperon-hyperon, interaction data. Since each model has its strengths and weaknesses, the different model approaches to a unified description of hadron internal structure and hadron interactions are needed to teach us about hadron physics from different perspectives.
Nonperturbative QCD approaches have shown that the different quark models may well be related to QCD in different ways. It is highly desirable to continue this effort to clarify the relation between QCD theory and QCD models and, in turn, to understand the relation between different models, especially if they are contradictory, as has led to strong debate in recent years. It might be worthwhile to recall that a similar history occurred in the study of nuclear structure.
